Boundary layer suction is considered to be an available approach to restraining or even eliminating flow separation and to improve the aerodynamic performance of the compressor. In this paper, a highly loaded axial-flow aspirated compressor based on a low-reaction design concept is investigated in detail to find an appropriate flow control strategy for boundary layer suction to achieve significant performance benefit. The flow control strategy consists mainly of the arrangement of suction hole and the aspirated flow rate. The geometrical models including aspiration cannulas, stator cavity and aspiration channel are novelly applied in this research to approach a real engineering application. Complete compressor maps are predicted by a three-dimensional computational fluid dynamics simulation. The distribution of the typical aerodynamic parameters and the partial flow structures are analysed at design and off-design conditions. Three-dimensional separation near the stall point is effectively suppressed by the aspiration on both hub and shroud, and better performance is achieved by a reasonable increase of aspirated flow rate; a peak efficiency of 0.91 and a total pressure ratio of 1.055 are attained at a total aspirated flow rate of 0.024 kg/s per passage. However, sudden turning of compressor maps at low inlet flow rate occurs without the aspiration on shroud, and a noticeable deterioration in performance occurs with the decreasing of the inlet flow rate. The main reason of performance deterioration is that the flow control efficiency of aspiration is not enough for effectively suppressing three-dimensional separation near the casing corner. The difference in the aspirated flow source is owed to the distinct flow feature at various locations caused by the aspiration efficiency of suction holes. A partial auto-readjustment feature of the suction flow rate with increasing flow separation has been found. The boundary layer suction with an appropriate flow control strategy is necessary for a higher efficiency, highly loaded aspiration compressor.
Introduction
Enhancing the work performance of compressor components for aero-engines is a popular focus of researchers interested in investigating the modern advanced turbine engine. Developing an aero-engine with a thrust-weight ratio at a range of 15 to 20 or above has become a trend. Key techniques include increasing the single-stage load to reduce the size and weight of the multistage compressor and decrease the stage number or significantly improving the total load under the conditions of the same size and weight of overall compressor. The conventional design concepts and technologies used widely in the past have been unable to improve the diffusion capacity of fan and compressor significantly. The design objective of replacing two or three stages with one stage cannot be achieved. In order to resolve this problem, a higher stage pressure ratio needs to be achieved by suppressing or even eliminating flow separation and then improving the capacity of flow reattachment in the cascade passage with a high-turning blade. An approach combining advanced flow path design and three-dimensional (3D) blade design with active flow control methods regarding the rotor or/and stator has gradually been accepted.
Methods adopting boundary layer suction to delay flow separation are widely used in many fields, especially in increasing the lift and decreasing the drag of external flow fields. However, published papers about boundary layer suction in turbomachinery are scarce. Boundary layer suction in a compressor cascade is implemented by sucking low-energy fluid from holes or slots on the surface of the flow passage, which makes a decelerating fluid inside boundary layer removed before separation. A boundary layer with the capacity to overcome a certain adverse pressure gradient then forms on the passage surface behind the suction hole or slot. Examining the development of a high-load axial compressor, Wennerstorm 1 suggested that boundary layer control has enormous potential for the development of compressors in the future. Gad-el-Hak 2 pointed out the significant effects of suction of primary fluid on the flow field, influencing particularly the shape of the velocity profile near the wall and thus the boundary layer susceptibility to transition and separation. Mohamed 3 and Antonia et al. 4 revealed considerable impact of suction on thermal boundary layer and turbulent boundary layer separately. Lord et al. 5 emphasized the importance of the application of boundary layer control in turbine engines and pointed to the wide application and sustainable development of such technology in the field of turbine-engine design. In 1980, the MIT laboratory [6] [7] [8] launched a series of research works on aspirated compressor design based on boundary layer suction. The testing data from MIT confirmed that boundary layer suction could effectively delay flow separation, significantly improving through-flow capacity and efficiency. In addition, aspirated compressors provided a diffusing capacity at least twice as high as that of a conventional compressor. The blade loading of the fan for a F414-GE-400 engine designed by GE was improved by the flow control method of boundary layer suction and a three-stage total pressure ratio of 5.0 was achieved. 9 The improvements in the aerodynamic performance and stability for the fan also proved the effectiveness of the flow control technology. As a versatile core technology for advanced multi-use engines the method is listed in the VAATE programme. 10 In the design of an advanced aspirated compressor, arrangement of the suction holes and slots in the rotor/stator are crucially important for achieving more efficient flow control. Gbadebo et al. 11 of Siemens Industrial Turbomachinery Ltd studied the impacts of the location of suction slots on the surface and the endwall at the corner of the blade passage. These authors pointed out that the locations and arrangement of suction slots had appreciable effects on the flow characteristics in the corner. In research on the 3D inverse design of aspirated compressor blades by the U.S. Army Research Laboratory 12 and MIT laboratory, [6] [7] [8] suction slots were one of the basic suction structures introduced on the surface of the rotor/stator. Also, the suction holes were used only on the surface of endwalls to enhance the compressor's performance. Gu¨mmer et al. 13 carried out a numerical investigation on the effect of the boundary layer suction on the compressor's overall performance by specifying the circumferential casing suction slot on the rotor and a single bleed hole within the passage of the stator, revealing considerable impact of the bleed hole shape and location on cross-passage flow and the suction side corner separation, as well as boundary layer removal caused by reduction of the local reverse flow, blockage and losses in the respective near-casing region. Moreover, Carter et al.
14 took advantages of the suction holes along the blade height on the suction surface to control 3D flow in the passage in a compressor cascade with high-turning. Bloxham and Bons 15 found out that the application of endwall leading-edge suction eliminated the horseshoe-vortex system from the symmetry plane and reduced the total pressure losses near 20%. Song et al. 16 focused on the numerical investigation of boundary layer suction via a slot on the suction surfaces of compound lean compressor cascades with large camber angle. Knapke and Turner 17 provided the first detailed study of the unsteady characteristics of aspiration in a transonic, counter rotating compressor.
The following two problems cannot be ignored in the process of applying boundary layer suction to improve compressor performance. First, it is necessary to use the special strategies of boundary layer suction to enhance the performance of the rotor and stator respectively because of the differences in the flow characteristics which make design very difficult in the compressor stage. Second, in the design of a casing and hub with suction slot or holes in the rotor, there is a possibility of harmful impact from blade punching and slotting on mechanical stability under high-speed rotation. In order to solve these problems, Wang et al. [18] [19] [20] [21] of Harbin Institute of Technology proposed a new design concept for a high-load axial-flow compressor: the low-reaction aspirated compressor. Low reaction was adopted to increase the turning angle of the rotor so that the boundary layer separation could be eliminated and the rotor kept working with high efficiency. However, the stator's loading and turning angle were increased greatly, which lead to a serious 3D flow separation in the stator. Accordingly, boundary layer suction was used in the stator for improving the flow separation. The advantage of the above design concept was that the compressor's pressure ratio obviously increased: the boundary layer suction was only adopted in stator cascades so as to reduce the potential complexity and harmful impact of the boundary layer suction structure. In the literatures, 18, 19 boundary layer suction was carried out in the stator cascades (mainly on the suction side, hub and casing) to control the flow separation. The flow separation near the lower corner was found to be not able to be eliminated even under the control of the aspiration on the suction surface and lower endwall, so the aspiration strategy is crucial to get the high performance of aspirated compressors.
In recent designs of aspirated compressors, suction holes and suction slots are both very common and important ways to achieve boundary layer suction. As a method to optimize boundary layer control strategy, suction holes are (1) flexible in distribution, (2) alterable in size, (3) easy to fabricate as drilling is more simple and economical than wire cutting and (4) high-strength structure. So far, much more research has been focused on suction slots, and the research method is fairly mature. However, systematic study of suction strategy based on suction holes is lacking, so further research on the different features of the structure and application of suction holes and slots is required.
Given the advantages of suction holes as mentioned above, the aim of the present investigation was to explore an appropriate flow control strategy of boundary layer suction to achieve significant performance benefit in a highly loaded axial-flow aspirated compressor based on a low-reaction design concept. In order to approach a real engineering application, the geometrical models included aspiration cannulas, stator cavity and aspiration channel were used in 3D simulation of a one and a half stage compressor. On the basis of the evaluation of the original suction strategy, complete compressor maps were predicted by 3D computational fluid dynamics (CFD) simulation, and several strategies were introduced to investigate the effects of the suction hole arrangement on compressor performance, especially for the corner separation region, by the analysis of the distribution of typical aerodynamic parameters and partial flow structures in design and off-design conditions. The results can be expected to provide technological support for the design and application of aspirated compressors in the future.
Numerical procedure
The numerical procedure for the current investigation was conducted on a highly loaded axial-flow aspirated compressor based on a low-reaction design concept with a pre-whirl guide vane. 3D numerical simulation software, ANSYS CFX 14.0, was used to carry out numerical simulation on flow field and aerodynamic parameters. The code solved the 3D Reynoldsaveraged form of Navier-Stokes equations using a finite-element method based on finite volume. The research prototype was based on a highly loaded axial-flow aspirated compressor based on a lowreaction design concept from our earlier studies. 19 The total pressure ratio of the 1.5 stage compressor was 1.05 at a design speed of 3000 r/min, and the casing and hub diameter were 0.6 and 0.4 m, respectively. The absolute pressure and work temperature at inlet were 100,100 Pa and 293.8 K, respectively. The prototype compressor was designed by active flow control of boundary layer suction on the suction surface and hub (only suction slot) without rotor aspiration. When the aspirated flow rate was 3.044% of the inlet flow rate of overall stage, the isentropic efficiency and diffuse factor at the root of the stator were 87% and 0.77%, respectively, at the design point. The geometric parameters of the aspirated stator are listed in Table 1 .
Based on the prototype compressor, the redesign of the suction strategies was carried out in the present investigation. As shown in Figure 1 , it replaced the original suction slot of the present suction hole and applied a novel arrangement of hole-type suction on the suction surface and endwalls. The numerical models included aspiration cannulas, stator cavity and aspiration channel used were close to a real engineering application. According to the 3D flow characteristics in the cascade passage and the internal cavity, reasonable adjustment for the suction strategies including location, hole size and number were carried out to improve the compressor performance further. In the aspirated compressor based on the low-reaction design concept, the complicated and strong flow separation near the stator-endwall corner has become the major issue in flow control. Therefore, the more and greater diameter of the suction holes were considered near the stator-endwall corner. In addition, in view of the small space near trailing edge in the stator, the stator cavity and suction position were designed near the maximum relative thickness of stator to reduce certain technical difficulty in practice.
In this paper, two basic suction strategies (A and B) are taken into consideration: strategy A adopted aspiration on the lower endwall and suction surface of the stator, and strategy B adopted additional aspiration on the upper endwall. The two strategies had the same layout of aspiration holes but different aspirated flow rates (see Figure 1 ). In addition, some other strategies were introduced, as described in the following sections. The suction hole connected with the aspiration cannulas, stator cavity and aspiration channel, and the low-energy fluid within the stator passage was aspirated into the internal cavity of the stator by the action of the specified reverse pressure at the outlet of three aspiration cannulas. The diameters of the three aspiration cannulas were 12, 12 and 10 mm (from leading edge to trailing edge), respectively, and each aspiration cannula had a uniform mass flow rate in the study. For strategy A, there were three kinds of aspirated flow rate in each aspiration cannula, respectively, 0.004, 0.0045 and 0.005 kg/s. That is to say, the total aspirated flow rates of the stator were 0.012, 0.0135 and 0.015 kg/s per passage, respectively. For strategy B, there were two kinds of aspirated flow rate in each aspiration cannula, respectively, 0.002 and 0.004 kg/s, which means that the total aspirated flow rates of the stator were 0.012 and 0.024 kg/s per passage, respectively.
The detailed suction schemes are shown in Table 2 . In consideration of the flow pattern on suction surface, the aspirated holes were designed in two parts (see 9 and 10 in Figure 1 (c)): aspiration holes near the middle span (9) and aspiration holes near endwalls (10) . The former comprised two rows along the radial direction, each row containing nine suction holes, and the diameter of each aspiration hole was 2.5 mm. The latter comprised three rows along the streamwise direction, each row with five suction holes, and the diameter of the suction holes was 3.0 mm. The number and diameter of aspiration 1, partial enlarger view of 9; 2, suction holes on endwall; 3, stator cavity; 4, aspiration channel; 5, aspiration cannulas; 6, aspirated stator; 7, leading edge; 8, trailing edge; 9, aspiration hole on suction surface near midspan; and 10, aspiration hole on the suction surface near endwall.
holes on the upper/lower endwall were 20 and 2.5 mm, respectively. For the suction surface, boundary layer separation near the middle span is relatively weaker than that near endwalls, so the number and diameter of the suction holes near endwalls are greater for increasing the suction effects under the same backpressure.
In this paper, modelling and simulation of steady aerodynamic effects were carried out without regard to unsteady effects. The steady CFD method is incapable of modelling unsteady flow effects and has its limitation of simulating real conditions. The basic simulation boundary conditions were set according to experimental data on total pressure and total temperature from the literature. 21 The inlet total pressure and total temperature were fixed at 101,000 Pa and 293.8 K, respectively. Different points on the compression performance map were obtained by providing a series of outlet static pressure values (P s ). The difference in the outlet static pressure near the surge point and at numerical divergence point was less than 10 Pa. The inlet turbulence intensity was fixed at 5%. A mixing plane approach was imposed at the rotor/ stator interface. The designed rotational speed of the one and a half stage compressor was a 100% design speed of 3000 r/min. The k-" turbulence model with the scalable wall-function approach from ANSYS CFX 14.0 22 was selected, and the numerical residual was less than 10 À5 . The convergence step near the surge point was more than 3000. UG 3D modelling software was used for the division of the local blade region. The grids were generated with ANSYS ICEM, and CFX Pre was used for the definition of boundary conditions. Only one passage was simulated because of the rotation periodicity of the annulus passage flow. The grid of the computation model is shown in Figure 1(c) . The topology structure of strategy A and strategy B was similarity. The total number of grid elements was approximately 5,840,000 for strategy A and 6,520,000 for strategy B, respectively. The dimensionless wall distance y þ was below 10. The aspiration stator mesh was divided into two parts to reduce the numerical errors caused by the hole-passage interface and to change the strategy for convenience. The first part comprised the stator internal cavity and the flow passage of suction hole and cascade, and the second part was composed of the three aspiration cannulas and aspiration channel.
Before further research was performed, the numerical results of CFD and experimental results needed to be compared to confirm the feasibility of the adopted numerical method. A low-speed compressor with the same boundary layer of the present object from the literature 23 was used for flow performance verification, including exit angle and total pressure recover coefficient at the outlet. As shown in Figure 2 , although some deviations exist for some basic flow characteristics and the trends, the consistencies are still good, approximately reflecting the main physical phenomena and flow characteristics. Therefore, the numerical method is appropriate for analysing the performance of the axial compressor stage.
Results and discussion
In an aspirated compressor, suction strategy has a remarkable effect on compressor performance and requires an appropriate design. In this paper, strategies A and B took the aspirated flow passage after hole suction into account in the computational domain. In particular, the three aspiration cannulas outside the stage passage were exposed to reverse static pressure as one of the outlet boundary conditions, and then the performances of the aspirated compressor with different strategies were compared to study the flow control mechanism and favourable suction strategy simply by changing the value of the inverse static pressure. The compressor maps are shown in Figure 3 . Specially, the power expended to bring about suction was not considered and was not added to the losses in this study. The approach of calculation for efficiency can be found in the reference. 21 For the suction strategy A (case 1, case 2 and case 3), there was a sudden turning in the characteristic maps (from the red circle to the black circle, as shown in Figure 3 by the red arrow). A noticeable deterioration in performance occurred with the increase of outlet static pressure, whereby the total pressure ratio decreased by 0.5% and the efficiency decreased by 10%. Before and after the turning, the outlet differential static pressure was less than 10 Pa in the numerical processing. With the increasing aspirated flow rate, the turning point gradually moved to the operating conditions of a lower flow rate, and the range of operating conditions increased significantly with it. Before the turning of maps, the compressor performance of the three suction schemes was much the same. However, for strategy B (case 4 and case 5), the sudden turning and deterioration of performance did not occur in the operating conditions of a lower flow rate. The optimal performance was achieved in a larger aspirated flow rate (case 5) of suction strategy B. The peak efficiency and total pressure ratio were 0.91 and 1.055, respectively, and the widest range of operating conditions was obtained in this research. As shown in the characteristic maps of compressors, compared with strategy A with the same aspirated flow rate, strategy B was more effective in improving the aerodynamic performance thanks to the additional aspiration in the casing. The 3D flow separation suppressed in the stator casing corner played a key role in the improvement of performance. Moreover, as the aspirated flow rate increased, more low-energy fluid was removed from the flow passage in strategy B, which contributed to the further improvement in compressor performance. The sudden performance deterioration with the decreasing of the inlet flow rate remains, although the increasing the aspirated flow rate indicates a beneficial effect on the aerodynamic performance in strategy A.
For providing clarity as to the detailed performances, Figure 4 shows the span-wise distributions of total pressure ratio and total pressure recovery coefficient at the outlet sections. The total pressure ratio and total pressure recovery coefficient near the hub corner were found to have a smaller change than those near the casing corner. The total pressure recovery coefficient is defined as:
, and p respectively. Moreover, compared with the distributions before and after the performance turning, the deteriorated performance in the region near the casing corner is the primary cause of the decreasing of total performance. The sudden change in compressor performance is closely related to the suction strategy. For the difference in outlet static pressure less than 10 Pa, the performance deterioration is sudden and unexpected. The research selected the conditions before and after the turning to analyse the flow feature in the passage and the aspiration channel, as well as the reasons for performance deterioration. Figure 5 shows 3D streamlines of the suction holes before and after the performance turning for three suction flow rates in strategy A. In relation to the turning direction from surge point to stall point, the left figure represents the condition before the performance deterioration and the right figure represents the other one. As shown in Figure 5 , an obvious deterioration of 3D flow separation near the casing corner is presented in the operating conditions before and after the turning, whereas a good flow pattern without any remarkable flow separation is presented near the hub corner. For the working condition before the turning (the left pictures in each scheme), the flow pattern of the corner is mainly characterized by twodimensional features. The low-energy fluid near the suction hole is removed effectively in all schemes to improve the flow. The flow direction at the upstream of suction hole is consistent with the mainstream direction, which also indicates the suppression of flow separation and the improvement of the aerodynamic performance in this region. However, for the working condition after the turning (the right pictures in each scheme), the flow pattern of the corner is mainly characterized by 3D features, and an obvious flow separation is present near the casing corner in all schemes. In addition, the flow direction at the upstream of the suction hole near the casing corner is deflected from the casing to the middle span on the suction surface and different from the mainstream direction. Therefore, the aspiration holes near the casing corner have little effect on flow separation, and the flow losses increase sharply. However, the flow separation near the casing corner can be controlled by the added aspiration on the upper endwall for case 4 and 5 as shown in Figure 5(d) . Better performance is obtained with the combination of aspiration on the endwalls and suction surface and which verifies the importance of endwalls suction. Figure 6 gives span-wise distributions of diffusion factor for illustrating the variation of blade loading in different schemes. The span-wise distribution shapes of diffusion factors are different for the operating points before and after the performance turning. For the operating point before the performance turning, the minimum diffusion factors are located near 0.6 of relative blade height. However, for the operating point after the performance turning, the minimum diffusion factors are down to near 0.4 of relative blade height. In addition, the higher diffusion factors near the endwalls mean the higher blade loading in the corresponding regions. After the performance turning, the diffusion factors near the hub corner are significantly reduced, while the diffusion factors near the casing corner are significantly increased. On the whole, the case 5 with the combination of aspiration on the endwalls and suction surface has higher diffusion factors and weaker flow separation near endwalls corner.
In order to present deeper insight into the performance deterioration, the 3D streamlines near the casing in the conditions after the turning are shown in Figure 7 . In relation to the turning direction from surge point to stall point, the '1' and '2' represent the condition before and after the turning, respectively, and the red line represents the approximate corner-separation line. The flow feature near the casing corner and the upstream of the suction hole is clearly illustrated in Figure 7 . As shown in Figure  7 , the upstream aspirated flow before the separation line comes mainly from the upstream boundary layer region, whereas the aspirated flow after the separation line comes mainly from the downstream reverse flow. The difference in the aspirated flow source is owed to the distinct flow feature at various locations caused by the aspiration efficiency of suction holes. When the aspirated low-energy flow comes from the downstream reverse flow, the aspiration capacity is evidently insufficient. Combined with the analysis of Figures 5 and 7 , the performance deterioration for the working condition after the performance turning is mainly resulted from the worsen flow pattern with an obvious 3D flow separation near the casing corner. In addition, the obvious flow inflection from the casing to the middle span on the suction surface and the difference with the mainstream direction is also an expression of the flow deterioration.
The distribution and comparison of the suction flow rate at the conditions before and after the performance turning in the strategy A are illustrated in Figure 8 . As shown in Figure 8(a) , with an increase of the total suction flow rate, the suction flow rate of the suction surface and hub tends towards a gradual increase, and the increasing suction flow rate for the suction surface is significantly higher than that for the hub. When the performance deterioration after the turning occurs, the suction flow rate at different locations is redistributed: the suction flow rate on the suction surface increases but decreases on the hub. In Figure 8(b) , the comparison results show that the suction flow rate for each hole on the hub increases gradually from the leading edge to the trailing edge, and there are similar increment rates and growing trends of suction flow rate for each hole on the hub. Figure 8(c) shows the distribution of the suction flow rate for each suction hole on the suction surface. The illustration of the suction-hole number and the corresponding locations are shown in Figure 7 (the holes with the red numbers lie downstream of separation line, and those with the blue numbers lie upstream of the separation line). When the performance deterioration occurs because of the local 3D flow separation in the casing corner, the flow rate of the suction hole near the region of the corner separation increases with the growth of low-energy fluid. However, the increasing suction flow rate is not enough to meet the demand the flow separation suppressed in the casing corner. In the present research, the problem was solved successfully by strategy B, i.e. by adding an additional suction hole to the casing. The boundary layer suction can be used to improve the compressor performance by the appropriate combination of suction on the endwalls and suction surface. A partial auto-readjustment feature of the suction flow rate with increasing flow separation was found by the above-mentioned analysis and discussion. The partial auto-readjustment feature means that the suction flow rate changes with the intensity of flow separation in different locations. Stated another way, the greater intensity of flow separation in the flow passage, the greater the suction flow rate produced. Figure 9 shows the velocity distribution at aspiration cannulas and 3D stream lines in aspiration channels. The stream lines indicate the flow tracks starting from the suction holes on endwalls. Due to the complex aspiration structure in the aspiration cannulas and aspiration channels, the internal flow is manifested as a very complicated and non-uniform flow pattern. Compared with the flow behaviours of different schemes, just a few flow-field variations are found in the local regions although there are varying rates of suction flow rate for each hole on the endwalls and suction surfaces before and after the performance turning. Figure 10 shows the distribution of static pressure on the suction surface and hub before and after the performance deterioration of case 1. For case 1-2, a significant change in static pressure happened after the performance turning, especially on the suction surface. The minimum static pressure on the suction surface in case 1-2 increased significantly compared with case 1-1, and the region of lower pressure decreased, especially near the upper endwall. The distribution of static pressure is only presented to an adverse pressure gradient from leading edge to trailing edge near the upper endwall, which more easily leads to boundary layer separation. In addition, static pressure near the casing corner distributed more uniformly also results in the gathering of low-energy fluid in the region.
Conclusions
The main objective of this investigation was to find an appropriate flow control strategy for boundary layer suction to achieve significant performance benefit in a highly loaded axial-flow aspirated compressor based on a low-reaction design concept. In order to approach a real engineering application, the geometrical models included aspiration cannulas, stator cavity and aspiration channel were used in 3D simulation of the one and a half stage compressor under consideration. On the basis of the results shown, it is possible to state that the following.
1. 3D separation near the stall point is effectively suppressed by the aspiration on both hub and shroud, and the effect is more pronounced when the suction should be applied to the shroud. Better performance is achieved by a reasonable increase of aspirated flow rate; a peak efficiency of 0.91 and a total pressure ratio of 1.055 are attained at a total aspirated flow rate of 0.024 kg/s per passage. 2. A sudden turning of compressor maps at low inlet flow rate occurs without the aspiration of shroud, and a noticeable deterioration in performance occurs with the decreasing of the inlet flow rate. It is one of the main reasons why the flow control efficiency of aspiration is not enough for effective suppression of 3D separation near the casing corner. 3. The difference in the aspirated flow source is owed to the distinct flow feature at various locations caused by the aspiration efficiency of suction holes. A partial auto-readjustment feature of the suction flow rate with increasing flow separation has been found. 4 . The boundary layer suction can improve compressor performance with an appropriate combination of aspiration on the endwalls and suction surface.
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